Introduction
With the progressive deterioration in the quality of iron ore in recent years, there has been an increase in the quantity of pisolite ore and Marra Mamba ore used in the raw material mix. It is known that the use of large quantities of these ores as sinter raw materials greatly reduces the granulation and air permeability of the raw material packed bed, resulting in reduced productivity. [1] [2] [3] [4] [5] [6] [7] [8] This is thought to be because these ores are porous and the added moisture is absorbed into the ore particles, with the result that the volume of moisture is not sufficient for granulation. Accordingly, to ensure the stable use of large quantities of these ores, it is necessary to optimize the adding volume of moisture. Up to now, when the mixing conditions of raw material changed significantly, operation data for the results (permeability, main blower blow level and negative pressure) were checked and the optimal added moisture volume was determined through a trial-and-error process. Accordingly, it takes a certain period to stabilize the optimal moisture value, and this was one factor in producing instability in the operations. Figure 1 shows the equipment at the Kakogawa sinter plant. This plant is characterized by a waste gas recycling process introduced to reduce the quantity of gas discharged outside the system. In this system, the waste gas discharged in the forward and rear sections of the sintering machine is returned to the sintering machine. To maintain high productivity at the Kakogawa sinter plant, the blower is operated at the upper limit of suction capacity in order to maintain a constant damp air suction volume. If the moisture content of the sinter raw material changes under such conditions, the oxygen volume in the sucked gas will change due to the variation in moisture content of the circulating gas, and this may cause fluctuations in carbon combustibility (in other words, sintering). Accordingly, the moisture content of the raw material must be kept as low as possible.
In order to optimize the added moisture content to match the raw material mix conditions, the necessary moisture content for the iron ore in the raw materials and so on must be determined in advance. [2] [3] [4] Accordingly, the authors conducted a study of the necessary moisture content for each
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Approach to Granulation Moisture Value

Effect of Moisture Content on Particle Association
Status In general, for ore particles to associate with one another in the course of granulation, a certain amount of moisture must be present on the surface of the particles to function as a bridge. Moreover, when a certain amount of moisture has been added to ore particles, the moisture on the surface of the ore is thought to be affected by the moisture-absorbing capability (ϭwater saturation volume) of the ore. Figure 2 shows a schematic diagram of the effect of the relationship between water saturation volume and added moisture on granulation. 9) When the added moisture volume is less than the water saturation volume, most of the added water is absorbed into the pores in the ore, reducing the quantity of water needed to act as a bridge. This is thought to reduce granulation. Conversely, when the added moisture volume is larger than the water saturation volume, the large quantity of excess water that is not absorbed by the ore particles fills the gaps between the ore particles, turning the raw material as a whole into slurry (immersed state). This may cause to reduce granulation. Accordingly, in order to increase the granulation of the ore particles, the added moisture volume must be adjusted to match the moisture absorption capacity of each type of ore particles, to make the quantity of water needed to act as a bridge present within a constant range (capillary state). [10] [11] [12] [13] [14] As noted earlier, the quantity of water that is present on the surface of the ore is thought to affect the moisture absorption capacity of the ore. For this reason, amount of saturation moisture for each brand of ore (water retention factor) have been used as indicators of the optimal granulation moisture for the ore. Table 1 shows the amount of saturation moisture for the major iron ores and other materials used as sinter raw materials. In this case, the grain size distribution of ore has not been adjusted. The size distribution of ores are shown in Table 2 .
Previous Approaches and Issues
The amount of saturation moisture was measured as follows. A test specimen of the specified granularity was dried for 12 h at 105Ϯ5°C and then a given amount was placed in a cloth bag and immersed in water for 24 h. After the specified amount of time had elapsed, the test specimen was removed from the water and dehydrated for 10 min to remove the water adhering to its surface. Then the test specimen was dried for one minute in a dryer (105Ϯ5°C) to evaporate the surface water, after which the wet weight (Sw) was measured. Next, this test specimen was dried for 12 h at 105Ϯ5°C and the dry weight (Sd) was measured. Then Eq.
(1) was used to determine the amount of saturation moisture volume Ss (water retention ratio).
Amount of saturation moisture:
Ssϭ(SwϪSd)/Swϫ100 (mass%) ................. (1) As noted above, the amount of saturation moisture is the content after immersion in water for 12 h. When granulation moisture is actually added to an ore, the quantity of water absorbed into the ore is thought to change during immersion as time passes. Accordingly, the moisture content was measured after a set period of immersion. As one example, Fig. 3 shows the relationship between immersion time and moisture content in case of Ore D, an Australian pisolite ore. As the immersion time increased, the water content also increased, and saturation was reached at an immersion time of 100 min. By contrast, in the actual process, the time between granulation and insertion in the bag was generally between 30 and 60 min although this value was depending on the layout of the sintering plant (approxi- mately 30 min in the case of the Kakogawa sinter plant, as indicated by ᭢ in the figure). This indicates that enough immersion time has not been ensured for the amount of saturation moisture in the actual process. In addition, it is thought that when more than a certain volume of moisture penetrates inside the open pore holes, there is a dramatic drop in the water infiltration rate due to the effect of surface tension. For this reason, it is assumed that a sufficient quantity of water for granulation will be present on the surface even if the quantity of added water is less than the amount of saturation moisture. As a result of these factors, excessive moisture may be added if the ideal moisture value for the actual sintering process is determined based on the amount of saturation moisture without considering the time required for moisture infiltration. In addition, the amount of saturation moisture indicates only the volume of moisture at the point at which absorption of moisture into the ore has ceased. For this reason, there is no guarantee that adding a volume of moisture equivalent to the amount of saturation moisture will definitely improve granulation and increase the permeability of the packed bed. As in the case of the water saturation value, which differs depending on the brand of ore, the added moisture volume which maximizes the permeability of the packed bed formed by the granulated material is expected to be different for each ore brand. Accordingly, initially we conducted a study to determine the effect of changes in the added moisture volume on the permeability of the packed bed for each brand of ore. In addition to the added moisture volume, the particle size distribution is presumed to have a major impact on changes in the permeability of the packed bed resulting from changes in granulation. Accordingly, in order to eliminate the effect of the particle size distribution, the study was conducted with the particle size distribution adjusted to the same level. The effect of the added moisture volume was studied for six types of ore: one Australian hematite ore, one South American hematite ore, two Australian pisolite ores, and two Australian Marra Mamba ores.
Effect of Added
The procedure for the study was as follows. First, each ore was adjusted to the particle size distributions shown in Table 3 . Then moisture of 2.0 to 12.0 mass% was added and a test drum mixer was used to granulate ores. The diameter is 340 mmf and length is 270 mm. Granulating time was for 8 min at 36 rpm. Next, the ore was inserted into a small sinter-pot test unit. The diameter is 100 mmf and height is 330 mm. The blow-through air volume was measured under a constant suction pressure of 3.53 kPa to evaluate the air permeability of the packed bed. Out of consideration for the moisture penetration time, the time between addition of moisture to the raw material and measurement of permeability was approximately 30 min, the same as at the Kakogawa sinter plant.
Effect of Ore Size Distribution
Next, we conducted a study of the effect of the added moisture volume on the permeability of the packed bed when the size distribution of the ore was changed. Four types of ore were examined: one Australian hematite ore, one South American hematite ore, one Australian pisolite ore and one Australian Marra Mamba ore. As shown in Table 4 , the size distribution for the ore was changed by increasing the quantity of coarse-grained particles (5-10 mm) and reducing the quantity of dust-sized particles (-0.25 mm) with respect to the base conditions. The same basic procedure as noted in Sec. 3.1.1 was used for the test. Figure 4 shows the relationship between the added moisture volume and the permeability index for the packed bed (which is made up of quasi-particles) for each brand of ore. All ores were adjusted to the same particle size distribution.
Test Results
Effect of Ore Brand
As this figure shows, regardless of the brand of ore, the packed bed permeability increased when the moisture content increased and exhibited a maximum value at a certain moisture content. This maximum value was different from each. To derive the maximum value, the approximated line was derived by Gaussian approximation (Eq. (2)). Table 5 shows the coefficient of each ore. Table 6 shows the moisture values for each ore brand at which the packed bed permeability achieved the maximum value in this test. As the table shows, the moisture values at which the maximum permeability was obtained tended to be lower than with the conventional index, the water saturation value. (Hereafter, the moisture value at which the maximum permeability is obtained will be referred to as the "optimal moisture value".)
Effect of Ore Size
As an example of a case in which the ore size distribution has been changed, Fig. 5 shows the relationship between the added moisture volume and the permeability index for the packed bed (which is made up of post-granulation quasi-particles) for Ore. In this figure, the moisture values at which the maximum permeability was also derived by Gaussian approximation. Table 7 shows the coefficient of each case. For each of the ore brands studied in the test, it was confirmed that there was a tendency for the optimal moisture value to shift to the low water side as the Table 6 . Moisture addition quantities resulting in maximum packed bed permeability (when ore size distribution is constant). Table 7 . Coefficient of approximation equation (effect of ϩ5 mm ratio increase).
quantity of coarse-grained particles increased. This is thought to be because increasing the coarse-grained ore particles in the mix resulted in changes such as the following: (1) The particle size distribution became broader, causing the particle state to become more close-packed and increasing the number of points of contact between particles.
(2) If the moisture content needed for good granularity is constant for the unit surface area regardless of the particle diameter of the ore, a reduction in the number of particles due to an increase in the coarse-grained ore particles in the mix decreases the total particle surface area, decreasing the moisture content needed for particle agglomeration. Figure 6 shows the difference in optimal moisture content and amount of saturation moisture for each brand of ore. From this figure, it is clear that the difference in optimal moisture content and amount of saturation moisture is not the same but differs for each ore brand. Due to the different methods used to measure optimal moisture content and amount of saturation moisture, these differences are expected to reflect differences in the speed of water absorption to the interior of the ore. As the factors affecting the speed of water absorption, the surface structure of the ore is expected to have a major factor. Accordingly, a study was conducted to determine the relationship ore surface texture, optimal moisture value and amount of saturation moisture.
Factors Affecting the Optimal Moisture Value
As ore surface features affecting granularity, the specific surface area and open pore volume were studied for each brand of ore. Figure 7 shows the relationship between the open pore volume for each brand of ore and the optimal moisture value minus the amount of saturation moisture (optimal moisture valueϪamount of saturation moisture). Particles of 3-5 mm in size were used as the representative value for the open pore volume of the ore.
This figure show that the value for (optimal moisture valueϪamount of saturation moisture) decreases linearly as the values for open pore volume increase except the case of Ore D. This indicates that open pore volume of the ore become large, the permeability of the packed bed (made up of quasi-particles after granulation) will tend to be the maximum value with a lower moisture content compared to the amount of saturation moisture. As noted in Sec. 2.2, in the actual granulation process, it takes approximately 30 min to 1 h to complete the process, added moisture, granulated and inserted into the sintering machine. This is a short compared to the required time for the moisture absorption quantity to reach saturation, and it is thought to be because there remain more pores which moisture has not penetrated sufficiently in the case of ores with many open pores (ϭporous ore). On the other hand, behavior of Ore D is different from other ores. It is considered this difference is caused by the difference of water infiltration speed into the ore. However, the cause of the difference of the infiltration speed is uncertain now. Therefore, it is necessary to examine it in the future. Figure 8 shows the relationship between the coarsegrained particles in the mix and the change in the optimal moisture value. Ores with a large open pore volume (such as pisolite ore and Marra Mamba ore) tended to exhibit a greater decrease in the optimal moisture value accompanying the increase in the quantity of coarse-grained particles in the mix. These values were linearly approximated to determine the relationship between this tendency and the surface texture of the ore. The results are shown in Fig. 9 . As the open pore volume increased, the drop in the optimal moisture value for each increase in 1.0 mass% of the quantity of coarse-grained particles in the mix tended to be greater. If the quantity and size of the existing pores are constant regardless of the size of the ore particles, changing the size distribution of the ore particles causes that the pores present on the particle surface in the case of fine particles would be encapsulated inside the particles in the case of coarse particles, and result in the reduction of the total number of pores present on the surface. In addition, the total number of pores present on the surface is also reduced by the reduction in the number of particles that results from © 2009 ISIJ the increase in coarse-grained particles. As a result of these factors, it is presumed that the increase in the quantity of coarse-grained particles in the mix causes the optimal moisture value to decrease.
Effect of Application of Optimal Moisture Value
Based on these results, in August 2005 an optimal moisture value determination method was adopted at the Kakogawa sinter plant. In this method, based on the hypothesis that the optimal moisture value for the overall mix materials would not be affected by the mixture, a weighted average was determined for the optimal moisture value for the mix proportions of each brand of ore and auxiliary materials. Figure 10 shows the operation before and after the adoption of this method.
As a result of the adoption of this method, the granulation moisture content decreased from 7.0 to 6.6 mass%. Despite this fact, however, the main exhaust blow volume increased from 14 365 to 15 429 Nm 3 /min, and the raw material feed volume increased from 968 to 1 000 t/h. And as a result of t-test, 5% significant difference was admitted between the before and after introduction of this method. Based on these results, it is assumed that granularity improved as a result of the optimization of the added moisture volume, and that the permeability of the packed bed increased. Productivity at this time increased approximately 11 t/h. Table 8 shows an example of the results when the mix quantity for Ore D (which includes many coarse-grained particles) was increased from 0 to 27 mass%. 16) These results confirm that, even when a lower volume of moisture was added, the use of an optimal moisture value that took into consideration the size distribution resulted in less of a decrease in granulation than when the grading composition was not considered.
Conclusions
A study was conducted to determine the moisture content needed for individual ore brands, with the objective of minimizing the added moisture volume in the granulation of sinter ore materials. The findings of the study were as follows:
(1) When the particle size distribution was constant, the added moisture volume such that the permeability of the packed bed (made up of quasi-particles) for each type Relationship between open pore volume and change in optimal moisture value in the case of ϩ5 mm 1 % increase. Fig. 10 . Change in operation before and after introduction of method for determining optimal moisture value at Kakogawa sinter plant. Table 8 . Results of application of optimal moisture value when coarse-grained particle content was changed.
of ore after granulation was the maximum value (ϭoptimal moisture value) tended to be lower than the saturation moisture content for all types of ore. Moreover, when the quantity of coarse-grained particles (ϩ5 mm) in the ore increased, the optimal moisture value tended to shift to the low moisture side.
(2) As the specific surface area and open pore volume of the ore increased, the (optimal moisture valueϪamount of saturation moisture) value tended to decrease linearly. The reason is assumed to be that when the time from the point at which moisture is added to the ore in the actual granulation process until the point at which granulation occurs and the ore is inserted into the sintering machine is shorter than the period of time required for the moisture absorption quantity to reach saturation, there remain more pores which moisture has not penetrated sufficiently in the case of ores with a high specific surface area or many open pores.
(3) As the specific surface area and open pore volume increased, the decrease in optimal moisture value for each 1.0 mass% increase in the quantity of coarse-grained particles in the mix tended to be greater. This is assumed to be because the pores present on the particle surface in the case of fine particles are encapsulated inside the particles in the case of coarse particles, and result in reduction of the total number of pores present on the surface, and moreover because the reduction in the number of particles due to the increase in the number of coarse-grained particles reduced the total number of pores present on the surface.
(4) The application of the optimal moisture value enables the added moisture volume to be reduced as compared to the conventional method, without adversely affecting granularity or the permeability of the packed bed.
